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Abstract
The standard-model explanations of the anomalously-large transverse polarization
fraction fT in B → φK∗ can be tested by measuring the polarizations of the two
decays B+ → ρ+K∗0 and B+ → ρ0K∗+. For the scenario in which the transverse
polarizations of both B → ρK∗ decays are predicted to be large, we derive a simple
relation between the fT ’s of these decays. If this relation is not confirmed experi-
mentally, this would yield an unambiguous signal for new physics. The new-physics
operators which can account for the discrepancy in B → πK decays will also con-
tribute to the polarization states of B → ρK∗. We compute these contributions and
show that there are only two operators which can simultaneously account for the
present B → πK and B → ρK∗ data. If the new physics obeys an approximate
U-spin symmetry, the B → φK∗ measurements can also be explained.
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1 Introduction
One class of B decays which is particularly intriguing involves processes whose prin-
cipal contribution comes from b¯→ s¯ penguin amplitudes. The reason is that there
are already several results in these processes hinting at the presence of physics be-
yond the standard model (SM).
First, within the SM, the CP asymmetry in B0d(t) → J/ψKS (sin 2β = 0.725 ±
0.037 [1]) should be approximately equal to that in penguin-dominated b¯ → s¯qq¯
transitions (q = u, d, s). However, on average, these latter measurements yield a
smaller value: sin 2β = 0.43± 0.07 [2].
Second, within the SM, one expects no triple-product asymmetries in B →
φK∗ [3]. However both BaBar and Belle have measured such effects, albeit at low
statistical significance [4].
Third, the latest data on B → πK branching ratios and CP asymmetries [5]
appear to be inconsistent with a SM fit [6, 7]. The model-independent analysis in
Ref. [7] has shown that the data can be accommodated with a new-physics (NP)
operator in the electroweak penguin sector.
A fourth possible hint of NP occurs in B → V1V2 decays, where the Vi are light
vector mesons. In such decays the final-state particles can be found with transverse
or longitudinal polarization. SM factorizable amplitudes, which are expected to
dominate in the heavy b-quark limit, result in a dominant longitudinal polarization,
with the transversely-polarized amplitudes suppressed by mV /mB. While this is
realized for B → ρρ decays, which receive b¯→ d¯ penguin contributions, in B → φK∗
decays it is found that the transverse fraction fT is about equal to the longitudinal
fraction fL [8, 9]. Competing NP [10, 11], and SM [12, 13, 14] explanations have
been proposed. B → ρK∗ decays may offer a way to resolve this discrepancy.
In this paper we will be mainly focussing our attention on the third and fourth
points above. In the decay B → ρK∗, unlike B → φK∗, there are two states,
distinguished by the charge of the ρ meson: ρ+ or ρ0. Here, the final-state particles
are also vector mesons, so that one can measure their polarization states. Now, the
polarization states of B → ρK∗ can be related to those in B → φK∗. For this latter
decay, it is not clear whether the large observed value of fT/fL is accommodated
by the SM or best explained with NP. However one can distinguish between a SM
and NP explanation by comparing the two charge states. In particular, we show
that if one of the SM scenarios proposed in Refs. [12, 13] does explain the large
B → φK∗ transverse polarization, then the transverse fractions of the two charge
states in B → ρK∗ should satisfy f+
T
/f 0
T
≃ 2(BR0/BR+). Alternatively, if the SM
scenario for the B → φK∗ modes in Ref. [14] is correct, then the fL fraction of both
charged B → ρK∗ decays should be greater than 90%. If neither of these two results
is observed then non-SM physics is involved in the decays. We derive and discuss
these prediction in Sec. 2.
The decay B → ρK∗ is described at the quark level by b¯→ s¯qq¯ (q = u, d). This
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is the same quark-level decay that contributes to B → πK. If there is NP in these
latter decays, it will affect B → ρK∗. Thus, given a B → πK NP scenario, we can
examine its effects on the B → ρK∗ polarizations. We review the data on B → πK
decays, as well as the size of NP operators which can account for it, in Sec. 3.
Sec. 4 contains the calculation of the contribution of these NP operators to the
polarization states of charged B → ρK∗ decays. Under some simplifying assump-
tions we show that only NP operators of the form b¯γRs d¯γRd or b¯γLs d¯γLd can explain
both the πK and ρK∗ data. We then discuss ways of testing this scenario.
Finally, in Sec. 5 we examine the consequences of the NP scenario for B → φK∗
decays. We show that if the NP respects an approximate U-spin symmetry, it can
simultaneously account for the πK, ρK∗ and φK∗ data. We conclude in Sec. 6.
2 B → ρK∗: Standard Model Predictions
Before examining the contributions of new physics to the polarization states in
B → ρK∗ decays, it is first necessary to understand the SM predictions for these
states.
In the following, we denote A0 as the longitudinal polarization amplitude for a
decay, and A++ and A−− as the amplitudes with both vector mesons in the right-
handed or left-handed helicity state, respectively. The transverse amplitudes are
then A‖ = (A+++A−−)/
√
2 and A⊥ = (A++−A−−)/
√
2, while the total amplitude
squared is |Atotal|2 = |A0|2+ |A‖|2+ |A⊥|2. The individual polarization fractions are
fL =
|A0|2
|Atotal|2 , f‖ =
|A‖|2
|Atotal|2 , f⊥ =
|A⊥|2
|Atotal|2 . (1)
For a given decay, the branching ratio is related to the polarization amplitudes by
BR = (|A0|2 + |A‖|2 + |A⊥|2) PS/Γtotal , (2)
where PS is a phase-space factor, and Γtotal is the total decay width .
It is useful to express the amplitudes for the various decays in terms of dia-
grams [15]. These include a “tree” amplitude T ′, a “color-suppressed” amplitude
C ′, a gluonic “penguin” amplitude P ′, a color-favored electroweak penguin (EWP)
amplitude P ′
EW
and a color-suppressed EWP amplitude P ′C
EW
. Other diagrams are
higher-order in 1/mB and are expected to be smaller. They will be neglected in our
calculations. Here the prime on the amplitude stands for a strangeness-changing
decay.
The diagram P ′ in fact includes three pieces, corresponding to the internal quarks
u, c and t.
P ′ = V ∗ubVus P
′
u + V
∗
cbVcs P
′
c + V
∗
tbVts P
′
t = V
∗
ubVus P
′
ut + V
∗
cbVcs P
′
ct . (3)
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Here, P ′qt = P
′
q−P ′t (q = u, c). On the right-hand side, the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix has been used to reduce the number of terms.
Since |V ∗ubVus| ≪ |V ∗cbVcs|, only the last term above is important; the first piece can
be neglected. In addition, P ′C
EW
and C ′ are expected to be smaller than P ′
EW
and T ′
[15], and will also be neglected in our calculations. Our amplitudes will therefore be
expressed in terms of the diagrams P ′ct, T
′ and P ′
EW
.
Furthermore, it has been shown that, to a good approximation, the EWP am-
plitude P ′
EW
can be related to T ′ [16]:
P ′
EW
≃ 3
4
[
c9 + c10
c1 + c2
+
c9 − c10
c1 − c2
]
1
λ2
sin(β + γ)
sin β
T ′ ≡ −Z T ′ ≃ −0.65 T ′ , (4)
where λ = 0.22 is the Cabibbo angle, β and γ are CP phases (the phase information
in the CKM quark mixing matrix is conventionally parametrized in terms of the
unitarity triangle, in which the interior (CP-violating) angles are known as α, β and
γ [8]), and the ci are (known) Wilson coefficients [17].
We begin with a study of B → φK∗. This is a pure penguin decay whose
amplitude can be written
A(B → φK∗) ≃ P ′ct −
1
3
P ′
EW
− 1
3
P ′C
EW
‘. (5)
The penguin operator P ′ct has (V − A) × (V − A) and (V − A) × (V + A) pieces
while the EWP’s have mainly (V − A) × (V − A) structure. For operators with
(V − A) × (V ∓ A) structure, a single spin flip is required to produce the A−−
amplitude and a double spin flip for the A++ amplitude. Each spin flip leads to a
1/mB suppression, causing the amplitudes A⊥ and A‖ to be 1/mB suppressed. Thus,
the SM operators naturally contribute mainly to the longitudinal polarization in
B → φK∗; their transverse polarization contribution is down by at least O(1/m2
B
)
relative to the total decay amplitude. The SM predictions for this decay can then
be written as
fL = 1−O(1/m2B) , fT = O(1/m2B) ,
f⊥
f‖
= 1 +O(1/mB) . (6)
The large transverse polarization observed in B → φK∗ is then a puzzle for the SM.
However, there may be certain sources of large transverse polarization within
the SM. Rescattering effects from tree-level b¯ → s¯cc¯ operators have been identified
as a possible source of large transverse polarization [12]. In Eq. (3) this effect is
represented by P ′c and is contained in P
′
ct. The claim here is then that rescattering
effects from P ′c can enhance one or both of the transverse amplitudes associated with
P ′ct.
Another possible source for the enhancement of the transverse amplitudes is
associated with P ′ct though annihilation topologies [13]. The dominant contribution
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comes from the (S −P )× (S +P ) operators in the effective Hamiltonian, produced
by performing a Fierz transformation on the (V − A)× (V + A) piece of P ′ct. Even
though formally suppressed in the heavy mb limit, these contributions can produce
an O(1) effect on the transverse polarization amplitudes due to large coefficients.
Finally, a third SM explanation for the large transverse polarization in B → φK∗
is proposed in Ref. [14]. Here, the transverse amplitudes are enhanced because the
gluon from the b¯→ s¯g transition hadronizes directly into the φ, with the exchange
of additional gluons to take care of color factors.
We therefore see that it may be possible to account for the large transverse
polarization in B → φK∗ through SM effects. Fortunately, it is possible to test these
explanations through the measurement of the transverse polarization in B → ρK∗
decays. The key point here is that, in contrast to B → φK∗, there are two decays,
B → ρ+K∗ and B → ρ0K∗. It is the measurement of the polarization states of both
decays which allows us to distinguish the various explanations of the B → φK∗ data.
In the following, we concentrate on charged B decays; the discussion is similar when
neutral B’s are involved. We use the indices ‘+’ and ‘0’ to indicate the decays
B+ → ρ+K∗0 and B+ → ρ0K∗+, respectively.
In the SM, neglecting the small amplitudes, the two B+ → ρK∗ amplitudes are
given by
A(B+ → ρ+K∗0) ≡ A+ = P ′ct ,√
2A(B+ → ρ0K∗+) ≡
√
2A0 = −P ′ct − T ′ eiγ − P ′EW . (7)
We have explicitly written the dependence on the weak phase γ, but the amplitudes
contain strong phases. These amplitudes allow us to test the SM explanations of the
large transverse polarization in B → φK∗ by comparing the two B → ρK∗ decays.
In particular, we calculate the transverse polarization pieces of
|A+|2 − 2 |A0|2
|A+|2 . (8)
Consider first Ref. [12], which invokes rescattering from tree-level b¯→ s¯cc¯ opera-
tors, so that P ′ct is affected. The rescattering represented by P
′
u (b¯→ s¯uu¯ operators)
is small because of CKM suppression, so that the amplitudes T ′ and P ′
EW
are es-
sentially unaffected. Ref. [13] is similar. Here, large annihilation effects modify P ′ct;
the amplitudes T ′ and P ′
EW
remain effectively unchanged. In both cases, the change
in P ′ct persists in B → ρK∗ decays, so that a large transverse polarization in these
processes is expected. Since both decays are dominated by P ′ct, to leading order the
numerator of Eq. 8 vanishes, and it is predicted that
f+
T
= 2f 0
T
(
BR0
BR+
)
. (9)
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The systematic error in this relation comes from the contribution of T ′ to the trans-
verse polarization, which is suppressed by mV /mB:
sys = O
(
2
T ′
P ′ct
mV
mB
)
∼ 10% . (10)
We repeat that this systematic error holds only for the case in which the transverse
polarization in both B → ρK∗ decays is large. If it is small, then the systematic
error is correspondingly larger.
In the third SM explanation [14], the transverse amplitude in B → φK∗ is
enhanced due to direct gluon hadronization into the φ. Since the gluon has isospin
zero, there should be no effect on B → ρK∗. Thus, in this model the usual SM
arguments apply to both decay modes, giving a fT that is suppressed by (mV /mB)
2.
These qualitative arguments can be made quantitative. We note that the am-
plitudes given in Eq. (7) apply to the longitudinal and transverse polarizations in-
dividually. Thus, the transverse pieces (T =⊥, ‖) of the two amplitudes are related
as √
2(A0)T = −(A+)T
[
1 + xTe
i∆T
]
, (11)
with
xTe
i∆T ≡ T
′
T
eiγ + P ′
EW,T
P ′
T
=
T ′
T
( eiγ − Z)
P ′
T
. (12)
Now, because QCD respects isospin symmetry, the phase factors in Eq. (2) for
both B+ → ρ+K∗0 and B+ → ρ0K∗+ are equal to within a few percent. Thus,
a prediction of the SM using Eq. (11) is that the transverse polarizations in both
charge states of B → ρK∗ should be related. At leading order, √2(A0)T = −(A+)T ,
so that
ET =
f+
T
BR+ − 2f 0
T
BR0
f+T BR
+ ≈ 0 . (13)
The systematic error in this relation, ∆ET , can be estimated by keeping terms
linear in xT :
∆ET ≈ −2xT cos∆T , xT ≈ |T
′
T
|
|P ′
L
|(1 + Z
2 − 2Z cos γ)1/2
√√√√f+L
f+T
, (14)
where P ′
L
is the longitudinal contribution from P ′. Using |T ′
T
| ∼ (mK∗/mB)|T ′L| and
taking |T ′
L
/P ′
L
| ∼ 0.4 [3], we find
|∆ET | <∼ 10%
√√√√f+L
f+T
. (15)
From this expression, we see that a large value of
√
f+T /f
+
L would result in a smaller
systematic error in Eq. (13). Thus, this relation is most useful if a large transverse
polarization is observed in the ρ+K∗ mode.
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Table 1: Branching ratios and polarization fractions for the two B+ → ρK∗ decays.
Data comes from Ref. [18]; averages are taken from Ref. [19].
B+ → ρ+K∗0 B+ → ρ0K∗+
BR[10−6] Belle 8.9± 1.7± 1.2
BaBar 17.0± 2.9+2.0−2.8 10.6+3.0−2.6 ± 2.4
average 10.6± 1.9 10.6+3.8−3.5
fL Belle 0.43± 0.11+0.05−0.02
BaBar 0.79± 0.08± 0.04 0.96+0.04−0.15 ± 0.04
average 0.66± 0.07 0.96+0.06−0.15
Relations involving the longitudinal polarizations will have errors of the order
of xL ∼ (mB/mK∗)xT , which can be significant. Additional measurements, such as
direct CP asymmetries and triple-product asymmetries in both ρK∗ modes would
provide important constraints on the various amplitudes and their phases, thereby
providing strong tests of the SM.
The above SM predictions can now be compared with the present B → ρK∗ data,
shown in Table 1. Using the central values, and using the SM relation A⊥ ≈ A‖,
we find E⊥ ≈ E‖ ≈ 77%. This is very far from the expected value of zero, so
that one might be tempted to claim the presence of new physics. However, even
though the systematic error ∆E⊥ ≈ ∆E‖ is relatively small, ∼ 20%, the statistical
error is enormous, ±129%. Thus, the errors are still much too large to claim any
discrepancy with the SM. However, this does demonstrate the importance of more
precise measurements of the polarizations in B → ρK∗ decays.
While the predictions of Refs. [12, 13] are not invalidated, the same is not true
for Ref. [14]. In this scenario, the fL fraction of both charged B → ρK∗ decays
is predicted to be greater than 90%. However, the data in Table 1 show that this
clearly does not hold for B+ → ρ+K∗0, ruling out this SM explanation at the 3.5σ
level.
Finally, we note that in the pQCD approach, even with annihilation and nonfac-
torizable effects, the large transverse polarization in B → φK∗ cannot be explained
[20]. In Ref. [21], it is argued that one of the B → K∗ form factors must be reduced
to explain the B → φK∗ polarization. It is not clear whether this can be done, but
the prediction of this scenario is then that the B → φK∗ longitudinal polarization
is smaller than that of both the B+ → ρ+K∗ and B+ → ρ0K+∗ modes. The careful
measurement of the polarization fractions in the B → ρK∗ modes will test this
scenario.
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3 B → πK Decays
There are four B → πK decays. In the SM, neglecting small diagrams as usual,
their amplitudes are given by
A(B+ → π+K0) ≡ A+0 = P ′ct ,√
2A(B+ → π0K+) ≡
√
2A0+ = −T ′eiγ − P ′ct − P ′EW ,
A(B0 → π−K+) ≡ A−+ = −T ′eiγ − P ′ct ,√
2A(B0 → π0K0) ≡
√
2A00 = P ′ct − P ′EW , (16)
(Isospin implies the relation A+0+
√
2A0+ = A−++
√
2A00.) It is difficult to explain
the present data (branching ratios, CP asymmetries) using only this parametrization
[7].
We therefore consider the addition of new b¯ → s¯qq¯ (q = u, d) operators. One
can show that the strong phase of any NP operator is much smaller than that of
the SM [22]. In this case, for a given type of transition, all NP matrix elements can
now be combined into a single effective NP amplitude, with a single weak phase:
∑ 〈πK| Oq
NP
|B〉 = AqeiΦq , (17)
in which the symbols A and Φ denote the NP amplitudes and weak phases, re-
spectively. In B → πK decays, there are four classes of NP operators, differing
in their color structure: b¯αΓisα q¯βΓjqβ and b¯αΓisβ q¯βΓjqα (q = u, d). The matrix
elements of these operators can be combined into single NP amplitudes, denoted
A′,qeiΦ′q and A′C,qeiΦ′Cq , respectively [23]. Each of these contributes differently to
the various B → πK decays. (Note that, despite the color-suppressed index C, the
matrix elements A′C,qeiΦ′Cq are not necessarily smaller than the A′,qeiΦ′q .)
In the presence of these NP matrix elements, the B → πK amplitudes take the
form [7, 23]:
A+0 = P ′ct +A′C,deiΦ
′C
d ,√
2A0+ = −P ′ct − T ′ eiγ − P ′EW +A′,combeiΦ
′ −A′C,ueiΦ′Cu ,
A−+ = −P ′ct − T ′ eiγ −A′C,ueiΦ
′C
u ,√
2A00 = P ′ct − P ′EW +A′,combeiΦ
′
+A′C,deiΦ′Cd , (18)
where A′,combeiΦ′ ≡ −A′,ueiΦ′u +A′,deiΦ′d.
Even taking into account the fact that P ′
EW
and T ′ are related [16], there are
too many theoretical parameters to perform a fit. For this reason, the authors
of Ref. [7] assumed that a single NP amplitude dominates. They considered four
possibilities: (i) only A′,comb 6= 0, (ii) only A′C,u 6= 0, (iii) only A′C,d 6= 0, (iv)
A′C,ueiΦ′Cu = A′C,deiΦ′Cd , A′,comb = 0 (isospin-conserving NP). Of these, only choice
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(i) gave a good fit; the others produced poor or very poor fits6. The good fit found
best-fit values of |A′,comb/P ′| = 0.36 and |T ′/P ′| = 0.22. Thus, the NP parameter
was found to be larger than the tree amplitude, with |A′,comb/T ′| = 1.64.
In what follows, we assume that NP of type (i) is present in B → πK decays.
This same NP will affect B → ρK∗ decays. In order to calculate the effect on the
B → ρK∗ polarization states, we must assume a particular form for A′,comb. There
are many NP operators which can contribute to A′,comb. They are
4GF√
2
∑
A,B=L,R
{
fABq b¯γAs q¯γBq + g
AB
q b¯γ
µγAs q¯γµγBq
}
. (19)
There are a total of 16 contributing operators (A,B = L,R, q = u, d); tensor
operators do not contribute to B → πK. For simplicity, we assume that a single
operator contributes to A′,comb, and we analyze their effects one by one.
Note that all operators contribute directly to πK final states involving a π0. They
can also contribute to states involving a π+ if one performs Fierz transformations of
the fermions and colors. However, the effects on π+K0 are all suppressed by at least
1/Nc, so that the contributions to π
0K+ are larger. This is approximately consistent
with the hypothesis of including only A′,comb.
We begin by considering the operators whose coefficients are fABq [Eq. (19)].
Using |A′,comb/T ′| = 1.64 and
T ′ =
GF√
2
V ∗ubVus
(
c1 +
c2
Nc
)〈
π0K+
∣∣∣ u¯γµ(1− γ5)s b¯γµ(1− γ5)u ∣∣∣B+〉 , (20)
where c1 = 1.081 and c2 = −0.190 are the Wilson coefficients characterizing T ′
[17], we can estimate the size of the NP coefficients. To do this, we use naive
factorization. This is reasonable since we are interested only in estimates. More
accurate calculations can use a more precise formalism, e.g. Ref. [24].
We then have:∣∣∣∣∣ 4f
AB
q 〈π0| q¯γBq |0〉 〈K+| b¯γAs |B+〉
V ∗ubVus 〈π0| b¯γµ(1− γ5)u |B+〉 〈K+| u¯γµ(1− γ5)s |0〉
∣∣∣∣∣ = 1.64 . (21)
Using the matrix elements given in the Appendix, we find
∣∣∣fABq
∣∣∣ = fK(m2B −m2pi)F pi0 /
√
2
[(m2
B
−m2
K
)/(mb −ms)]FK0 (m2pi/2mq)fpi/
√
2
1.64
(
c1 +
c2
Nc
)
|V ∗ubVus| .
(22)
6Note that the poor fit gave a discrepancy of only about 2σ with the SM, so that, strictly
speaking, it cannot be ruled out. However, in what follows, we concentrate on the good fit.
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We take (fK/fpi)(F
pi
0 /F
K
0 ) ∼ 1, |V ∗ubVus/V ∗tbVts| = 1/48 and c1 + c2/Nc = 1.018.
Taking the masses from the Particle Data Group [8], we find
|fLLd | = |fRRd | = |fLRd | = |fRLd | =
{
0.069|V ∗tbVts| md = 4 MeV,
0.138|V ∗tbVts| md = 8 MeV,
|fLLu | = |fRRu | = |fLRu | = |fRLu | =
{
0.026|V ∗tbVts| mu = 1.5 MeV,
0.069|V ∗tbVts| mu = 4 MeV. (23)
The operators associated with the parameters gABq [Eq. (19)] can be analyzed
similarly. The sizes of the NP coefficients are∣∣∣gLLq
∣∣∣ = ∣∣∣gRRq
∣∣∣ = ∣∣∣gLRq
∣∣∣ = ∣∣∣gRLq
∣∣∣ = 0.035|V ∗tbVts| , q = u, d . (24)
We remind the reader that we have assumed that a single NP operator con-
tributes to A′,comb. For each operator, we have calculated the size of the coefficient
which reproduces the B → πK data. These same operators will affect the B → ρK∗
polarization states. We compute these effects in the next section.
4 B → ρK∗: New-Physics Contributions
If there is new physics in B → πK decays, it is of the form b¯ → s¯qq¯ (q = u, d),
and will, in general, contribute to B → ρK∗ decays. In this section, we proceed as
above, and calculate the effect on B → ρK∗ of each of the operators in Eq. (19).
We begin with some general statements. The amplitude for an arbitrary B →
V1V2 decay can be written as (for example, see Ref. [3])
M = a ǫ∗1 · ǫ∗2 +
b
m2
B
(ǫ∗1 · p2) (ǫ∗2 · p1)− 2i
c
m2
B
ǫµναβ p
µ
1p
ν
2ǫ
α
1 ǫ
β
2 , (25)
with
A‖ =
√
2a , A0 = −ax− m1m2
m2
B
b(x2 − 1) , A⊥ = 2
√
2
m1m2
m2
B
c
√
x2 − 1 , (26)
where x = p1 · p2/(m1m2). Here we are considering B → V1V2 decays in which the
final vector mesons are light: m1,2 ≪ mB. Neglecting terms of O(m21,2/m2B), we can
then approximate E1 ∼ E2 ∼ |~k| = E = mB/2. Then, using Eq. (26), we have for
the various linear polarization amplitudes
A0 ≈ −(2a+ b) E
2
m1m2
, A‖ ≈
√
2a , A⊥ ≈
√
2c . (27)
The procedure for computing the SM or NP contributions to polarization amplitudes
is then clear: we first express the amplitude for a particular B → V1V2 decay as
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in Eq. (25) and then use the above relations to obtain A0, A‖ and A⊥. For the
SM, in which all operators have (V − A) × (V ∓ A) structure, one can show that
2a+ b ∼ mV /mB, so that the polarization fractions are predicted to be as in Eq. (2).
(We will see this explicitly below for B+ → ρ+K∗0.)
The present data is consistent with the SM expectations for B+ → ρ0K∗+, but
suggests that there may be new physics in B+ → ρ+K∗0. For this reason, we
concentrate on this latter decay in what follows.
Using factorization, the SM amplitude for the decay B+ → ρ+K∗0 is given by
A[B+ → ρ+K∗0] = GF√
2
[XρP
ρ
K∗], (28)
with
Xρ = −
∑
q=u,c,t
VqbV
∗
qs
(
aq4 −
1
2
aq10
)
,
P ρK∗ = mK∗gK∗ε
∗µ
K∗
〈
ρ+
∣∣∣ d¯γµ(1− γ5)b ∣∣∣B+〉 , (29)
The above amplitude depends on combinations of Wilson coefficients, ai, where
ai = ci + ci+1/Nc for i odd and ai = ci + ci−1/Nc for i even. The terms described
by the various ai’s can be associated with the different decay topologies introduced
earlier. The term proportional to a4 is the color-allowed penguin amplitude, P
′. The
dominant electroweak penguin P ′
EW
is represented by term proportional to a9, P
′C
EW
is a10, and a7 and a8 are additional small EWP amplitudes. (If there were terms pro-
portional to a1 and a2, they would represent the color-allowed and color-suppressed
tree amplitudes T ′ and C ′, respectively.) The values of the Wilson coefficients can
be found in Ref [17].
Using the matrix elements found in the Appendix, this amplitude can be put in
the form of Eq. (25). The polarization amplitudes are then given by
A0 ≈ GF√
2
2mBmK∗gK∗Xρ
[
(Aρ1 −Aρ2) +
mρ
mB
(Aρ1 + A
ρ
2)
]
m2
B
4mρmK∗
,
A‖ ≈ −GF√
2
√
2mB
[
mK∗gK∗
(
1 +
mρ
mB
)
Aρ1(m
2
K∗)X
]
,
A⊥ ≈ −GF√
2
√
2mB
[
mK∗gK∗
(
1− mρ
mB
)
V ρ(m2K∗)X
]
. (30)
In the large-energy limit, the form factors are related [25]:
A1 = A2 +O(mV /mB) , V = A1 +O(mV /mB) . (31)
We therefore find the same suppression of the A‖,⊥ amplitudes relative to A0 as was
found from helicity arguments [Eq. (2)]. We therefore see that the SM naturally
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predicts the longitudinal polarization for the decay B+ → ρ+K∗0 to be enhanced by
O(mB/mV ).
In our simplified approach we will assume the form-factor relations above and
ignore possible power-suppressed and αs corrections to them. We then have
Aρ1 ≈ ζ⊥(1−
mρ
mB
)
Aρ2 ≈ ζ⊥(1 +
mρ
mB
)− 2mρ
mB
ζ‖
V ρ1 ≈ ζ⊥(1 +
mρ
mB
). (32)
Choosing ζ⊥ ≈ ζ‖ gives Aρ1 ≈ Aρ2, and hence the SM prediction is that
ASM0 ≈
GF√
2
gK∗m
2
B
· Xζ‖ ,
ASM‖ ≈ −GFgK∗mK∗mB · Xζ‖,
ASM⊥ ≈ −GFgK∗mK∗mB · Xζ‖ , (33)
where X ≃ −at4|V ∗tbVts| = 0.035|V ∗tbVts|.
We now turn to the new-physics contributions. As mentioned earlier, there are
16 possible NP operators. We present the calculations in some detail for two of
them; the results for the others are included in tables. We begin with the operator
whose coefficient is fRRd [Eq. (19)]:
4GF√
2
fRRd b¯γRs d¯γRd . (34)
Because this is a scalar/pseudoscalar operator, within factorization it does not con-
tribute to B+ → ρ0K∗+. However, it can affect B+ → ρ+K∗0. To see this, we
perform a Fierz transformation of this operator (both fermions and colors):
− 4
Nc
GF√
2
fRRd
[
1
2
b¯γRd d¯γRs+
1
8
b¯σµνγRd d¯σµνγRs
]
. (35)
It is the second term which is important (in contrast to B → πK), as it contributes
to B+ → ρ+K∗0.
Within factorization, the contribution to B+ → ρ+K∗0 is given by
− 1
2Nc
GF√
2
fRRd
〈
K∗0
∣∣∣ d¯σµνγRs |0〉 〈ρ+∣∣∣ b¯σµνγRd ∣∣∣B+〉 . (36)
Using the matrix elements given in the Appendix, this gives
ZRRd
{
2T2
(
1− m
2
ρ
m2
B
)(
ǫ∗ρ · ǫ∗K∗
)
− 4
m2
B
(
T2 + T3
m2
K∗
m2
B
)(
ǫ∗ρ · pK∗
)
(ǫ∗
K∗
· pρ)
− 4i
m2
B
T1ǫ
µναβpρµp
K∗
ν ǫ
∗ρ
α ǫ
∗K∗
β
}
, (37)
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where the Ti are form factors and
ZRRd ≡
1
4Nc
GF√
2
fRRd g
K∗
T
m2
B
. (38)
We again use the form factor relations [25]
T1(q
2) ≈ ζ⊥ ,
T2(q
2) ≈ ζ⊥
(
1− q
2
m2
B
−m2
V
)
,
T3(q
2) ≈ ζ⊥ − 2mV
mB
ζ‖ . (39)
Comparing the above expression for the NP amplitude with the formula in Eqs. (25),
we see that the NP operator whose coefficient is fRRd predicts
A0 = −2ζ‖mK
∗
mB
ZRRd , A‖ = 2
√
2ζ⊥ZRRd , A⊥ = 2
√
2ζ⊥ZRRd . (40)
(We note that A0 above is subleading in 1/mB and so we have used the general
expressions in Eq. 26 instead of Eq. 27 to calculate the longitudinal polarization
amplitude.) We therefore see that this operator contributes significantly to trans-
verse polarization states of ρ−K∗0. The longitudinal polarization is suppressed by
O(mV /mB) as expected.
We can now calculate the ratio of transverse and longitudinal polarizations,
including the SM contribution [Eq. (33)]. Assuming gK∗ ≈ gTK∗ and taking the
value of the NP coefficient from B → πK [Eq. (23)], we have with T =⊥, ‖
fT
fL
= 2
|fRRd /(2Nc)|2
|X|2 =
{
0.22, md = 4 MeV,
0.86, md = 8 MeV.
(41)
We therefore see that this NP operator can generate a large transverse polarization
in B+ → ρ+K∗0.
Note that we also predict for this NP operator (as well as the operator associated
with fLL)
f⊥
f‖
≈ 1 +O(mV /mB) (42)
which is the same as the SM prediction.
The second NP operator for which we explicitly present calculations is the one
whose coefficient is gLRu [Eq. (19)]:
4GF√
2
gLRu b¯γ
µγLs u¯γµγRu . (43)
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Table 2: Contributions to the polarization states of B+ → ρ0K∗+ from the various
NP operators. Operators which are not shown do not contribute. The various Z’s
and X ’s are defined analogously to Eqs. (38) and (44). We take ζ⊥ ≈ ζ‖.
A0 A‖ A⊥
fRRu O(mV /mB) 2ζ⊥ρZ
RR
u 2ζ⊥ρZ
RR
u
fLLu O(mV /mB) −2ζ⊥ρZLLu 2ζ⊥ρZLLu
fRLu −
√
2ζ‖ρ(gK∗/gTK∗)Z
RL
u O(mV /mB) O(mV /mB)
fLRu
√
2ζ‖ρ(gK∗gTK∗)Z
LR
u O(mV /mB) O(mV /mB)
gRRu − 1√2(ζ‖K∗ + (gK∗/gρ)ζ‖ρ/Nc)XRRu O(mV /mB) O(mV /mB)
gLLu
1√
2
(ζ‖K∗ + (gK∗/gρ)ζ‖ρ/Nc)XLLu O(mV /mB) O(mV /mB)
gRRd
1√
2
ζ‖K∗XRRd O(mV /mB) O(mV /mB)
gLLd − 1√2ζ‖K∗XLLd O(mV /mB) O(mV /mB)
gRLu − 1√2ζ‖K∗XRLu O(mV /mB) O(mV /mB)
gLRu
1√
2
ζ‖K∗XLRu O(mV /mB) O(mV /mB)
gRLd
1√
2
ζ‖K∗XRLd O(mV /mB) O(mV /mB)
gLRd − 1√2ζ‖K∗XLRd O(mV /mB) O(mV /mB)
This operator contributes directly to B+ → ρ0K∗+. Its Fierz transformation has
the form (S − P ) × (S + P ) and, being a scalar/pseudoscalar operator, does not
contribute to B− → ρ−K∗0 within factorization. In this case, the situation is much
like the SM, and using the matrix elements found in the Appendix, the amplitude
corresponding to this operator for B+ → ρ0K∗+ is dominantly longitudinal, with
A0 ≃ 1√
2
XLRu ζ‖ , X
LR
u ≡
GF√
2
gLRu gρm
2
B
. (44)
The contributions of all 16 new-physics operators to the B → ρK∗ polarization
states are shown in Tables 2 and 3. Here we present only the dominant contributions
to fL and fT ; terms of O(mV /mB) are subdominant and contribute to fL,T only at
the O(m2
V
/m2
B
) ∼ 5% level. Of all the operators, there are only two which reproduce
the data of Table 1, i.e. they contribute significantly to the transverse polarization
of B+ → ρ+K∗0 while leaving B+ → ρ0K∗+ essentially longitudinal. They have the
coefficients fRRd and f
LL
d . These are the only two NP operators which successfully
explain both the B → πK and B+ → ρK∗ data.
This explanation of the B → ρK∗ data can be tested. In the SM, there is
essentially only one dynamical decay amplitude. Because of this, one expects the
CP-violating triple-product correlation (TP) in these decays to be very small [3].
However, this can change with the addition of a second NP amplitude. A nonzero
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Table 3: Contributions to the polarization states of B+ → ρ+K∗0 from the various
NP operators. Operators which are not shown do not contribute. The various Z’s
and X ’s are defined analogously to Eqs. (38) and (44). We take ζ⊥ ≈ ζ‖.
Operator A0 A‖ A⊥
fRRd O(mV /mB) 2
√
2ζ⊥ρZRRd 2
√
2ζ⊥ρZRRd
fLLd O(mV /mB) −2
√
2ζ⊥ρZLLd 2
√
2ζ⊥ρZLLd
fRLd −2ζ‖ρ(gK∗/gTK∗)ZRLd O(mV /mB) O(mV /mB)
fLRd 2ζ‖ρ(gK∗/g
T
K∗
)ZLRd O(mV /mB) O(mV /mB)
gRRd
1
Nc
ζ‖ρ(gK∗/gρ)XRRd O(mV /mB) O(mV /mB)
gLLd − 1Nc ζ‖ρ(gK∗/gρ)XLLd O(mV /mB) O(mV /mB)
value of the fRRd or f
LL
d amplitude will lead to a nonzero TP. Furthermore, one
expects such a TP only in B+ → ρ+K∗0; the TP should remain tiny in B+ → ρ0K∗+.
We can estimate the expected size of the TP in B+ → ρ+K∗0. In Ref. [3] the
following measures of the triple-product correlations were defined:
A
(1)
T ≡
Im(A⊥A∗0)
A20 + A
2
‖ + A
2
⊥
, A
(2)
T ≡
Im(A⊥A∗‖)
A20 + A
2
‖ + A
2
⊥
. (45)
The corresponding quantities for the charge-conjugate process, A¯
(1)
T and A¯
(2)
T , are
defined similarly. The comparison of the TP asymmetries in a decay and in the
corresponding CP-conjugate process will give a measure of the true T-odd, CP-
violating asymmetry for that decay. The TP is therefore due to the interference
between the A⊥ and A0 or A‖ amplitudes, and requires that the two interfering
amplitude have different weak phases. Recall that it was found in Ref. [7] that, to
explain the B → πK data, a NP weak phase φNP ∼ 100◦ was needed.
Now, at leading order, the SM yields only A0; large transverse amplitudes can
arise only if NP is included. However, the only way to obtain a nonzero A
(2)
T is
through SM–NP interference. We observe from Table 3 that the NP operators
associated with the coefficients fRRd and f
LL
d yield large values for A⊥ or A‖. On
the other hand, the transverse SM amplitudes are all O(1/mB). Thus, the SM–NP
interference gives an A
(2)
T of O(1/mB). Note that a measurement of the sign of A
(2)
T ,
if possible, can be used to distinguish between the two NP operators.
In contrast, the TP asymmetry A
(1)
T can be sizeable. It can arise due to the
interference of the A0 SM amplitude and the A⊥ NP amplitude. As above, this
latter amplitude can be big for those NP operators whose coefficients are fRRd or
fLLd . For these operators, we can estimate the maximum magnitude of A
(1)
T . We first
take the strong-phase difference between A0 and A⊥ to be zero (or π). In this case,
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A
(1)
T is by itself a measure of T-odd CP violation and we can write
|A(1)T | ≤
√
f⊥/fL
1 + 2f⊥/fL
sin φNP . (46)
Using φNP ∼ 100◦ and Eq. 41 we find |A(1)T | ≤ 32-34% for md = 4-8 MeV. Hence we
see that a sizeable TP is possible in the decay B+ → ρ0K∗+.
5 B → φK∗
As noted earlier, a sizeable value of fT/fL is observed in B → φK∗, contrary to
expectations. There are different SM explanations, but they all predict either that
(i) the transverse polarization fractions are large in both B+ → ρ+K∗0 and B+ →
ρ0K∗+, with the fT ’s respecting Eq. (9), or (ii) fT is small in both B → ρK∗ decays.
If either of these is not seen, new physics is needed.
There are already several non-SM explanations of the φK∗ data [10, 11], but
one can now ask the question: can one explain the πK, ρK∗ and φK∗ observations
simultaneously? The answer is yes. One can reproduce the φK∗ data with the addi-
tion of NP operators of the form b¯γRs s¯γRs or b¯γLs s¯γLs [11]. Above, we have shown
that NP operators such as b¯γRs d¯γRd or b¯γLs d¯γLd can account for the observations
in the πK and ρK∗ systems. Thus, if the NP obeys an approximate U-spin sym-
metry, which relates d- and s-quarks, one can simultaneously explain the πK, ρK∗
and φK∗ observations. (A model which does this will be described in Ref. [26].)
6 Conclusions
At present, there are several discrepancies with the predictions of the standard model
(SM), in B → φK, B → φK∗ and B → πK decays. We must stress that these
discrepancies are (almost) all in the 1–2σ range and as such are not yet statistically
significant. That is, the existence of physics beyond the SM is not certain. However,
if these hints are taken together, the statistical significance increases. Furthermore,
they are intriguing since they all point to new physics (NP) in b¯ → s¯ transitions.
For these reasons, it is worthwhile considering the effects of NP on various B decays.
One hint of NP occurs in the decays B → φK∗. The SM naively predicts
that the transverse polarization fraction of the final-state particles, fT , should be
much smaller [O(m2
V
/m2
B
)] than that of the longitudinal polarization, fL. However,
it is observed that fT ≃ fL. There are several SM explanations, all of which go
beyond the naive expectations. However, all make predictions for the polarization in
B → ρK∗ decays. The key point is that there are two such decays, B+ → ρ+K∗0 and
B+ → ρ0K∗+ (and similarly for neutral B decays). By measuring the polarizations
in both decays, one can test the SM explanations of the B → φK∗ measurements.
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In one scenario [12, 13], it is predicted that fT should be large in both B → ρK∗
decays. We have shown that the values of fT in both decays should obey Eq. (9).
If this relation is not respected, then this scenario is ruled out, yielding a clear
signal of new physics. Using present B → ρK∗ data, the central values violate this
relation. However, the errors are still extremely large, so that no firm conclusions
can be drawn. This emphasizes the importance of more precise measurements of
these decays.
In the second scenario [14], the transverse polarizations in both B → ρK∗ decays
are predicted to be small, i.e. fL is close to 1. However, in B
+ → ρ+K∗0 decays, it
is found that f+
L
= 0.66± 0.07 (Table 1), ruling out this scenario at the 3.5σ level.
The discrepancy in B → πK decays can be explained by the addition of new-
physics operators of the form b¯→ s¯qq¯ (q = u, d) [6, 7]. There are 16 such operators,
all of which will contribute to B → ρK∗ decays. Assuming that NP is present,
we have calculated the effect on the polarization states of B → ρK∗ of each of
these operators (Tables 2 and 3). Of these, there are only two which reproduce
the data of Table 1, i.e. they contribute significantly to the transverse polarization
of B+ → ρ+K∗0 while leaving B+ → ρ0K∗+ essentially longitudinal. They are
fRRd b¯γRs d¯γRd and f
LL
d b¯γLs d¯γLd. If the B → πK measurements turn out to show
statistically-significant evidence of new physics, and if the B → ρK∗ data remain
as in Table 1, these are the only two NP operators which can explain both sets of
observations.
Finally, it is natural to assume that the same type of new physics which accounts
for the B → πK and B → ρK∗ measurements also affects B → φK∗ decays and can
explain the observed value of fT/fL. This is possible if the NP obeys an approximate
U-spin symmetry. In this case, there are also NP operators of the form b¯γRs s¯γRs or
b¯γLs s¯γLs, which can reproduce the φK
∗ data [11]. This type of NP can therefore
simultaneously account for the πK, ρK∗ and φK∗ data.
Note that it is quite possible that, with more data, the experimental measure-
ments will change, leading to a different pattern of new-physics signals. In this case,
the conclusions presented in this paper will have to be modified. However, we must
stress that this type of analysis will ultimately be necessary. Rather than look for
NP solutions to each individual discrepancy with the SM, it will be far more com-
pelling to search for a single solution to all NP signals. Thus, an analysis of the
type presented in this paper will have to be carried out.
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Appendix
The matrix elements used in the paper: we have
〈
π0
∣∣∣ q¯(1± γ5)q |0〉 = ±i fpi√
2
m2pi
2mq
,
〈
π0
∣∣∣ q¯γµ(1± γ5)q |0〉 = ∓i fKpµpi ,〈
K+
∣∣∣ u¯γµ(1− γ5)s |0〉 = ifKpµK ,〈
K+
∣∣∣ b¯(1± γ5)s ∣∣∣B+〉 = m2B −m2K
ms −mb F
K
0 ,
〈
K+
∣∣∣ b¯γµ(1± γ5)s ∣∣∣B+〉 =
[
(pB + pK)µ − m
2
B
−m2
K
q2
qµ
]
FK1
+
m2
B
−m2
K
q2
qµF
K
0 , qµ ≡ (pB − pK)µ ,
〈
π0
∣∣∣ b¯γµ(1− γ5)u ∣∣∣B+〉 =
[
(pB + ppi)µ − m
2
B
−m2pi
q2
qµ
]
F pi1
+
m2
B
−m2pi
q2
qµF
pi
0 , qµ ≡ (pB − ppi)µ ,
〈K∗| q¯γµs |0〉 = gK∗mK∗ǫ∗µK∗ ,
〈ρ| b¯γµ(1± γ5)q |B〉 ǫ∗K∗µ =
2i
mB +mρ
V ρǫµναβpρµp
K∗
ν ǫ
∗ρ
α ǫ
∗K∗
β ± (mB +mρ)Aρ1ǫ∗ρ · ǫ∗K
∗
∓ Aρ2
2
mB +mρ
(
pρ · ǫ∗K∗
) (
pK
∗ · ǫ∗ρ
)
,
〈K∗| q¯σµνs |0〉 = −i gK∗
T
(ǫ∗µK∗p
ν
K∗
− ǫ∗ν
K∗
pµK∗) ,
〈ρ| b¯σµνq |B〉 pK∗ν = −2T1ǫµναβpK
∗
ν p
ρ
αǫ
∗ρ
β ,
〈ρ| b¯σµνγ5q |B〉 pK∗ν = −iT2
[(
m2
B
−m2ρ
)
ǫ∗µρ −
(
ǫ∗ρ · pK∗
) (
pµ
B
+ pµρ
)]
− iT3
(
ǫ∗ρ · pK∗
) [
pν
K∗ −
m2
K∗
m2
B
−m2ρ
(
pµ
B
+ pµρ
)]
,
〈
ρ0
∣∣∣ u¯γµu |0〉 = 1√
2
gρmρǫ
∗µ
ρ
,
〈K∗| b¯γµ(1± γ5)s |B〉 ǫ∗ρµ =
2i
mB +mK∗
V K
∗
ǫµναβpρµp
K∗
ν ǫ
∗ρ
α ǫ
∗K∗
β ± (mB +mK∗)AK
∗
1 ǫ
∗ρ · ǫ∗K∗
∓ AK∗2
2
mB +mK∗
(
pρ · ǫ∗K∗
) (
pK
∗ · ǫ∗ρ
)
. (47)
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